Introduction
In recent years, many ingenious physics experiments have allowed to generate beams or samples of atoms and molecules moving with very low velocities in the laboratory. [1] [2] [3] [4] [5] The frontier for the knowledge of chemical kinetics and dynamics has been pushed towards the so-called cold and ultracold regimes characterized by temperatures below 1 K and 1 mK, respectively. These conditions are recognized as ideal to observe the quantum nature of molecular collisions since, (i) the angular momentum becomes severely constrained eventually reaching the limit l ¼ 0 where only s-wave scattering takes place, and (ii) the de Broglie wavelength associated with relative velocity becomes comparable to or even greater than the size of the reactants. [6] [7] [8] However, such temperatures achieved in the laboratory are unnatural: the temperature of the cosmic background radiation is T ¼ 2.8 K and as far as is known, only one place in the universe, the Boomerang Nebula, falls below. 9 Note that the dense molecular clouds of the interstellar medium, which are at the origin of star formation and are giant ultra low density reactors where efficient gas phase chemistry and molecular energy transfer occur, are characterized by temperatures below 50 K with the cold cores reaching temperatures as low as 5-10 K.
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The long-standing collaboration at Bordeaux University between Michel Costes, CNRS Director of Research, and Christian Naulin, Professor, sums up to sixty years of experience in crossed molecular beam scattering. They were pioneers to demonstrate the efficiency of pulsed beam technology for reaction dynamics studies, in years when all reactive scattering studies were implemented with continuous beam sources. At the end of the 90's, their interest on reactions between neutral species which may occur in the cold molecular clouds of the interstellar medium pushed them to develop a crossed-beam apparatus attaining collision energies corresponding to temperatures as low as 30 Kelvin. Their ongoing research project, for which they improved the low collision energy range of the apparatus by an order of magnitude, is targeted on the search of quantum effects in molecular collisions, reactive and inelastic.
The temperature range T ¼ 1-50 K immediately above the cold regime that we dene as near cold is entirely appropriate for the observation of quantum effects in molecular collisions, in particular for inelastic processes. Collision energies of a few cm À1 (T ¼ 1 K is roughly equivalent to 12. When occurring in the near cold energy regime, the resonance signatures are not completely blurred by partial wave averaging: they can still be distinguished as peaks in the collision energy dependent state-to-state integral cross sections (ICSs). This happens in particular in the vicinity of the thresholds of the lowest molecular rotational excitations. However, the characteristics of these quantum dynamical resonances, i.e. their position in energy, magnitude and width, strongly depend on the topology of the multidimensional potential energy surface (PES) employed to describe the van der Waals interaction between the colliding partners. The results can appear strikingly different with even slight modications of the PES, in particular in the long-range part of the potential where the molecules approach together and in the region of the van der Waals well. Experimental observation of resonances is thus likely to provide a stringent test for the accuracy of the PES. Such quantum effects proved nonetheless very difficult to detect 34 and could only be seen recently. 24, 25, [27] [28] [29] 33 The ndings obtained in our laboratory are described in this mini review.
Experimental approach
In a collision between two species sharing a reduced mass m, the relative velocity v r and the relative translational energy (collision energy) E T depend on the respective velocities v 1 and v 2 and the crossing angle c:
Obtaining collision energies in the near cold regime with low energy spread as provided by supersonic beams in crossedbeam scattering experiments is not straightforward. In inelastic scattering of astrophysical molecules such as CO, O 2 and other species with H 2 and He, the reduced mass which falls below 2 a.m.u with H 2 ( Fig. 1 ). However, equivalent velocities for H 2 or He beams can only be reached with the nozzle cooled well below liquid nitrogen temperature. Our experiments at Bordeaux University utilize a variable beam intersection angle to achieve convenient scanning and control of the collision energy (see Fig. 2 ). The apparatus incorporates two fast-pulsed valves (Even-Lavie type) that can be cooled down to low temperatures. 35 Each pulsed valve is mounted on a helium closed-cycle cryostat with ne tuning and control of the temperature to adjust the beam velocity. Indeed, the rotation of the relative velocity vector during the scan would induce an undesirable variable Doppler shi of the absorption wavelength if the laser was propagating within the scattering plane. The major advantage of the apparatus is the possibility to repetitively and quickly scan the energy across resonance features with xed beam conditions, yielding rapidly good statistical uncertainties. As an example, Fig. 3 shows the excitation function for O 2 + H 2 inelastic scattering. Each individual scan is recorded between c ¼ 30 and 12.5 with À0.5 decrement and 100 laser shots per angle in less than 400 s. Long term dris are thus drastically reduced and all data are normalized to their sum (all samples at all angles) for each scan, allowing all scans recorded under the same conditions to be accumulated. Thus, the statistical uncertainties mainly due to laser pulse energy and wavelength jitter uctuations rapidly improve with summation of a reasonable number of scans.
A benchmark system: CO + H 2
The modelling of the physical and chemical processes occurring in dense molecular clouds aims to bring the predicted line intensities of the molecular species in agreement with the observations. Since inelastic collisions compete with radiative processes in altering populations of molecular rovibrational levels, the estimation of molecular abundances from spectral line data analysis requires the knowledge of inelastic collision cross sections and rates with the most abundant interstellar species, H 2 and He. The system to consider in priority is CO + H 2 . Carbon monoxide is the second most abundant molecule in the interstellar medium with a density of ca. 10 À4 with respect to H 2 and is widely used to determine the temperature in dense molecular clouds and other objects through transitions in the millimetre wavelength range. Quantum scattering calculations have established the strong inuence of the PES on the resonance structures apparent in the ICSs and the subsequent effect on the thermal rate coefficients.
14 We rst performed a crossed-beam experiment realizing CO
24 Time-independent QM calculations (close coupling) were run on the most accurate available PES at that time, designated as V 04 . The V 04 PES, calculated by the coupled-cluster method with single, double and non-iterative triple excitations (CCSD(T)) is based on a 5-dimensional grid of ab initio points including the dependence on the H-H separation while the C-O separation is xed, averaged over monomer vibrational modes and tted as a 4-dimensional rigid-rotor surface. 36 A qualitative agreement, in particular the three undulations revealing the resonance behaviour was found between experiment and theory, albeit aer applying a multiplying factor f ¼ 1.05 to the PES. However, in this work, we had missed an important experimental bias: the effect of the mean interaction time between the CO and H 2 pulsed beams which depends on the beam divergences and on the beam crossing angle c. This effect produces an asymmetric collision energy spread around the nominal value calculated Fig. 2 Open view of the scattering chamber. The O 2 beam originates from a first supersonic nozzle situated in a separated and differentially pumped volume (not shown) above the collision chamber; the H 2 beam originates from a second nozzle situated inside the wedgedshaped chamber, (also differentially pumped) attached to the rotatable lid. In this configuration, the probe laser beam propagates perpendicular to the symmetry plane of the molecular beams; ionized species (REMPI) are detected by REMPI via the TOF-MS. with eqn (1) with its mean value slightly higher than the nominal one. When corrected from this effect the agreement with theory became much better.
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We then conducted additional experiments on CO (j ¼ 0) + para-H 2 (j ¼ 0) / CO (j ¼ 2) + para-H 2 (j ¼ 0) and CO (j ¼ 0) + normal-H 2 / CO (j ¼ 1) + normal-H 2 , the normal-H 2 being a mixture of 25% para-H 2 (j ¼ 0) and 75% ortho-H 2 (j ¼ 1). 28 The whole set of experimental state-to-state ICSs was compared with theoretical ones obtained by using a newly developed PES, V 12 .
38,39 The V 12 PES computed with inclusion of complete triple and non-iterative quadruple excitations (CCSDT(Q)) is based on a full 6-dimensional grid of ab initio points, again averaged over monomer vibrational modes and tted as a 4-dimensional rigid-rotor surface. Despite very subtle differences with V 04, not exceeding 1 cm À1 in the depth of the well, V 12 was found to increase the agreement between experiment and theory for the IR spectrum of the ortho-H 2 -CO complex from 0.1 cm À1 to 0.01
The agreement is found excellent for the CO (
results, although some mismatch in the respective maxima and minima of the three undulations is still observed (see. Fig. 6 ).
Comparison has also been made recently between our CO (j and quantum dynamics in full dimensionality obtained with a 6-dimensional PES, V6D, calculated with the CCSD(T)-F12b method. 30 Unfortunately, the comparison was achieved with our uncorrected experimental data of ref. 24 . When the corrected data is considered, a poor agreement is obtained. In particular, theory does not reproduce the three experimental undulations apparent in the experimental cross sections (see Fig. 6 ). It can be concluded that the determinant factor for an accurate description of the collision is not the full dimensionality, but the very high-level of accuracy required for the calculation of the grid of ab initio points and of the long-range part of the potential. It can also be concluded that it is the excitation of the lowest rotational transition CO (j ¼ 0 / 1) with para-H 2 (j ¼ 0) which, with less partial wave averaging, really constitutes the principal test of the PES. Indeed, the resonance pattern is averaged when using normal-H 2 by the 25% para-H 2 (j ¼ 0) and 75% ortho-H 2 (j ¼ 1) summation and becomes too congested for excitation of CO (j ¼ 0 / 2) with para-H 2 (j ¼ 0).
A perfect system: CO + He
If collisions of CO with He are not as important as those with H 2 for astrophysical modelling as a consequence of a ratio of column densities [He]/[H 2 ] ¼ 0.1, they nonetheless constitute a system of choice for testing theory. Fig. 7 compares our experimental ICSs for CO (j ¼ 0) + He / CO (j ¼ 1) + He in the threshold region with theoretical ones obtained by closecoupling calculations performed with two different PESs. 29 The two PESs had been previously calculated (i) with symmetryadapted perturbation theory (SAPT) and (ii) at the singles and doubles coupled cluster level with perturbative triples and extrapolation to the complete basis set (CCSD(T)/CBS). 40, 41 It can be seen in panel (a) that the ICSs obtained with the two PESs are very similar and that the experimental data are in very good agreement with the theoretical ICSs curves convoluted over the collision energy spread.
Many strong resonances occur for collision energies in the vicinity of the energetic threshold of the j ¼ 1 channel, but unlike CO + H 2 for which the resonance pattern is too rich to ascribe the three undulations to specic resonances, this becomes possible here. The ve peaks labelled I, II, III, IV, and V respectively mainly result from overlapped contributions of partial waves with total angular momentum J ¼ 2 to 6 shown in panels (b) for even J values and (c) for odd values. The collision energy spread does not allow for full resolution of the peaks but I, III and IV are still discernible in the experimental ICSs and V can be distinguished as a shoulder. Peak II, which is a feature of lower intensity, is smoothed in the experimental bump of peak III.
Characterization of the resonances was achieved by generating scattering wave functions for specic values of total angular momentum J, orbital angular momentum l and rotational state j. When on resonance, the scattering wave functions show large contributions in the region of the van der Waals well. For example, at E T ¼ 5. gives rise to a shape resonance (Fig. 8) . At E T ¼ 8.76 cm À1 (peak III), partial waves with J ¼ 3 and 5 and l ¼ 3 correlate with j ¼ 2 which is an asymptotically closed channel (E j¼2 ¼ 11.54 cm À1 ).
When the collision partners approach the region of the van der Waals well, CO ephemerally accesses the j ¼ 2 state which is energetically allowed only at these distances, but closed at larger values. As the collision partners move off, the transient CO (j ¼ 2) molecules relax back to the open j ¼ 1 state as a Feshbach resonance (Fig. 8) . Other calculations establish the nature of all resonances, three shape and ve Feshbach in the J ¼ 2 to 6 partial waves. As stated above, the agreement between experiment and theory is very good. In particular the mismatch between 
An ideal system: O 2 + H 2
Molecular oxygen is elusive in dense molecular clouds but an accurate knowledge of the inelastic collision cross sections and rates with H 2 is needed for a precise determination of its abundance. The ground electronic state of O 2 is X 3 S g À and the rotational manifold comprises only odd values of the rotational angular momentum N. Each rotational level is split into 3 spin components due to the vectorial coupling of N with spin S ¼ 1: 
42 Thus, scattering cannot occur classically and, if any, should only arise from quantum dynamical resonances.
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The results of our experiments displayed in Fig. 9 demonstrate this behaviour. 25 The QM calculations show that three well-separated partial waves J ¼ 2, 3 and 4 contribute signi-cantly to the ICSs at these energies, those of the other opened ones J ¼ 1, 5, 6, 7 and 8 remaining marginal. As a result, the three partial waves appear as three resolved peaks (a), (b) and (c) in the experimental ICSs.
Adiabatic-bender potentials associated with J ¼ 2, 3 and 4 partial waves and correlating with the O 2 (N ¼ 1, As for CO + H 2 , the level of accuracy of the PES plays a dominant role. Originally, the 4-dimensional ab initio PES treating O 2 and H 2 as rigid rotors had been obtained at the 
. R e is the position of the minimum of the well. Also the quasi-bound states corresponding to the dominant contributions in the wavefunctions at E T ¼ 5.48 cm À1 and E T ¼ 8.76 cm À1 are represented. Resonances occur when the incident energy coincides with such a state. Two different situations can occur. For the V 1 curve, the quasibound state (I) is below the centrifugal barrier, but above the dissociation limit: in this case, the complex can access this state by tunnelling through the centrifugal barrier, and then decay to j ¼ 1, resulting in the rotational excitation of CO. This is known as a shape (or orbiting) resonance. For the V 2 curve, state (II) is below the dissociation limit: in that case, the complex can ephemerally access this state which is energetically allowed at small distances. It cannot dissociate in its j ¼ 2 state since this is not energetically allowed. It can, however, decay to j ¼ 1; this is known as a Feshbach resonance. Reprinted from Nat. Chem., 2015, 7, 349-353. Copyright 2015 Macmillan Publishers Ltd. CCSD(T) level. 44 However, as shown in Fig. 10 , this level is insufficient to reproduce the experimental resonance pattern. Calculations performed at a higher level of theory on ab initio points in the region of the van der Waals well suggested that 5% of correlation energy was missing in this region. 25 The f ¼ 1.05 multiplying factor applied to the PES indeed gives the nice match with experiment as displayed in Fig. 9 .
Conclusions and outlook
The experimental observation of quantum dynamical resonances for the lowest rotational excitation transitions of astrophysical molecules in inelastic collisions with H 2 or He occurring in the near cold regime constitutes a stringent test for theoretical calculations. Thanks to that, the description of inelastic collisions based on ab initio PESs and QM scattering calculations can reach a remarkable level of precision for small systems, as emphasized by the CO + H 2 , CO + He and O 2 + H 2 results. It becomes possible to accurately calculate the relevant collisional (de-)excitation rates for inclusion into models describing astrophysical systems, such as cold interstellar clouds.
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The experiments in Bordeaux will be pursued with other species like H 2 O molecules and C atoms. It is indeed possible to generate a cold beam of ground-state C( 3 P 0 ) atoms almost free of C( 3 P 1 ) and C( 3 P 2 ) components by passing CO diluted in Ne through a dielectric barrier discharge coupled with the EvenLavie pulsed-valve. 45 Spin-orbit collisional excitation of C( 3 P 0 )
to the upper components C( 
